We introduce a mirror copy of the ordinary fermions and Higgs scalars for embedding the SU (2) L × U (1) Y electroweak gauge symmetry into an SU (2) L × SU (2) R × U (1) B−L left-right gauge symmetry. We then show the spontaneous left-right symmetry breaking can automatically break the parity symmetry motivated by solving the strong CP problem. Through the SU (2) R gauge interactions, a mirror Majorana neutrino can decay into a mirror charged lepton and two mirror quarks. Consequently we can obtain a lepton asymmetry stored in the mirror charged leptons. The Yukawa couplings of the mirror and ordinary charged fermions to a dark matter scalar then can transfer the mirror lepton asymmetry to an ordinary lepton asymmetry which provides a solution to the cosmic baryon asymmetry in association with the SU (2) L sphaleron processes. In this scenario, the baryon asymmetry can be well described by the neutrino mass matrix up to an overall factor.
I. INTRODUCTION
The precise measurements on atmospheric, solar, accelerator and reactor neutrinos have established the phenomena of neutrino oscillations. This discovery implies three flavors of neutrinos should be massive and mixed [1] . However, the neutrinos are massless in the SU (3) c × SU (2) L × U (1) Y standard model (SM). Furthermore, in the SM context we cannot explain the cosmic matter-antimatter asymmetry which is as same as a baryon asymmetry [1] . Currently a seesaw [2] [3] [4] extension of the SM has become very attractive since it can simultaneously produce the small neutrino masses and the cosmic baryon asymmetry [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The usual seesaw models contain some heavy ingredients with leptonnumber-violating interactions. The neutrinos then can obtain a Majorana mass term which is highly suppressed by a small ratio of the electroweak scale over the heavy masses of the new fields. Meanwhile, these heavy fields can decay to generate a lepton asymmetry through their CP-violating Yukawa and/or scalar interactions. Subsequently, this lepton asymmetry can be partially converted to a baryon asymmetry through the sphaleron processes [17] . This baryogensis scenario in the seesaw models is the so-called leptogenesis mechanism. In such leptogenesis scenario, we do not know much about the texture of the masses and couplings involving the newly heavy fields. Consequently, we cannot get an exact relation between the cosmic baryon asymmetry and the neutrino mass matrix. For example, we can expect a successful leptogenesis in some seesaw models even if the neutrino mass matrix does not contain any CP phases [18, 19] .
The seesaw models can naturally originate from more fundamental theories beyond the SM, such as the * Electronic address: peihong.gu@sjtu.edu.cn [20] left-right symmetric theory. In the most popular left-right symmetric models, the SM left-handed fermions are placed in the SU (2) L doublets as they are in the SM while the SM right-handed fermions plus three right-handed neutrinos are placed in the SU (2) R doublets. After the leftright symmetry is spontaneously broken down to the electroweak symmetry, we can obtain the lepton number violation for the seesaw and leptogenesis mechanisms. For example, the right-handed neutrinos can acquire a heavy Majorana mass term to violate the lepton number by two units. Alternatively, the left-right symmetric framework can offer a universal seesaw scenario [21] [22] [23] [24] , where some additional [SU (2)]-singlet fermions with heavy masses are introduced to construct the Yukawa couplings with the [SU (2)]-doublet fermions and Higgs. By integrating out these heavy fermion singlets, the SM fermions including the left-handed neutrinos can obtain the desired masses. In the universal seesaw models, the strong CP problem even can be solved without an unobserved axion if a discrete parity symmetry is imposed [22, 23, 25, 26] .
left-right symmetry can be realized in another way [23, [27] [28] [29] [30] where the SM left-handed fermions are the SU (2) L doublets, the SM right-handed fermions are the SU (2) singlets, meanwhile, the ordinary SM fermions have a mirror copy gauged by the SU (3) c × SU (2) R × U (1) B−L group. The ordinary and mirror fermions can have no mixing because of certain unbroken discrete symmetry [27, 29] . Instead, the mirror fermions can decay into the ordinary fermions with a dark matter scalar [27, 29] . In such type of mirror left-right symmetric models, the mirror Majorana or Dirac neutrino decays induced by the SU (2) R gauge interactions can generate a lepton asymmetry stored in some flavors of mirror charged leptons. All or part of this mirror lepton asymmetry then can be transferred to an ordinary lepton asymmetry for a successful leptogenesis. In the early works [27, 29] , a softly broken parity symmetry is imposed so that the Yukawa couplings for the mirror fermion mass generation can be identified with those for the ordinary fermion mass generation. In consequence, the cosmic baryon asymmetry can have a distinct dependence on the neutrino mass matrix.
In this paper, we shall show in the mirror left-right symmetric framework, the spontaneous left-right symmetry breaking can automatically break the parity symmetry motivated by solving the strong CP problem. Under this parity, not only the dimensionless Yukawa couplings but also the Majorana masses of the gauge-singlet fermions are identified in the ordinary and mirror sectors. The gauge-singlet fermions can accommodate the type-I seesaw for generating the Majorana masses of the ordinary left-handed neutrinos and the mirror right-handed neutrinos. Every type of mirror fermions thus can have a mass matrix proportional to that of their ordinary partners. Through the mirror Majorana neutrino decays mediated by the SU (2) R gauge interactions, we can parametrize the cosmic baryon asymmetry by the neutrino mass matrix up to an overall factor.
II. THE MODEL

Besides the
Lµ , W 1,2,3 Rµ and B µ , the model contains the fermions and scalars as below,
Here the first, second and third brackets following the fields describe the transformations under the
right symmetry will be spontaneously broken down to the SU (2) L × U (1) Y electroweak symmetry and then the U (1) em electromagnetic symmetry, the U (1) G global symmetry will be assumed softly broken, while the Z 2 × Z 2 symmetry will be required conserved at any scales. The full Lagrangian includes the kinetic terms, the scalar potential and the Yukawa couplings as usual. Furthermore, the gauge-singlet fermions N R and N ′ L are allowed to have the Majorana masses. For simplicity, we will not show the kinetic terms where the SU (2) R gauge coupling g R is identified with the SU (2) L gauge coupling g L , i.e. g R = g L = g due to the parity symmetry. We now write down the scalar potential, the Yukawa couplings and the Majorana masses. Specifically, the scalar potential is
Here the Majorana masses M N = M T N also break the U (1) G global symmetry.
III. SPONTANEOUS SYMMETRY BREAKING
We expect the SU (2) L × SU (2) R × U (1) B−L left-right symmetry will be spontaneously broken down to the SU (2) L × U (1) Y electroweak symmetry. Subsequently, the SU (2) L × U (1) Y electroweak symmetry will be spontaneously broken down to the U (1) em electromagnetic symmetry. For demonstration, we denote the VEVs by
Furthermore, we assume the Z 2 × Z 2 discrete symmetry will not be broken at any scales. This can be achieved by
We now derive the VEVs v 1,2 and v ′ 1,2 . From the extreme conditions,
we can read
For a proper parameter choice, the VEVs can have a hierarchical spectrum v
This means a spontaneous violation of the parity symmetry 1 . For example, in the limiting case v
1 Similarly we can spontaneously break the mirror symmetry in the models for mirror dark matter.
After the above spontaneous left-right symmetry breaking, the charged fermion mass matrices can be easily given by
e R e ′ R + H.c. with
As for the neutral fermions, their masses are
When the seesaw condition is satisfied, i.e. M N ≫ y ν v 2 / √ 2 and M N ≫ȳ ν v ′ 2 / √ 2, we can integrate out the gauge-singlet fermions N R and N ′ L to obtain the Majorana masses of the ordinary and mirror neutrinos 2 ,
. with
Clearly the mass eigenvalues of the ordinary and mirror 2 Alternatively the ordinary and mirror neutrinos can obtain their Majorana masses through the type-II [3] or type-III [4] seesaw. In the case with the type-II seesaw, the Majorana mass matrices of the ordinary and mirror neutrinos can have a same structure even if the parity symmetry is softly broken [27] .
fermions obey the relations as below,
In the following demonstration, the ordinary mass eigenvalues will be quoted as m 
. Meanwhile, in the mass basis, the charged currents are
Here the charged gauge bosons W
the CKM matrix V is simplified by V ≃ 1, while the PMNS matrix U is parametrized by [1] 
with the three mixing angles sin 2 θ 12 ≃ 0.3, sin 2 θ 23 ≃ 0.5 and sin 2 θ 13 ≃ 0.02 [1].
IV. MIRROR AND ORDINARY LEPTON ASYMMETRIES
When the seesaw-induced Majorana masses of the mirror neutrinos are in the range as below,
the dominant decay modes of the Majorana mirror neutrinos should be described by Fig. 1 . The mass spectrum (16) actually is quite reasonable. By taking the perturbation requirementȳ f < √ 4π into account, the VEV v 1 should be
and hence the Yukawa couplingsȳ τ should be
The mirror tau and muon thus should be in the range,
On the other hand, we can further specify the seesaw condition byȳ ν v 
Therefore, we can guarantee the lightest mirror neutrino ν ′ 1 (normal hierarchy) or ν ′ 3 (inverted hierarchy) to math the mass spectrum (16) by further taking
For example, we can input the quasi-degenerate neutrino spectrum in Eq. (21) and then obtain
The lepton-number-violating decays of the mirror Majorana neutrinos into the mirror charged fermions. The CP-conjugate processes are not shown for simplicity.
At tree level, the decay width is calculated by
We can conveniently define
and then rewrite the decay width by
We also compute the CP asymmetry at one-loop level,
Here the functions S(x, y, z), V 1 (x, y, z), V 2 (x, y, z) and V 3 (x, y, z) can be respectively deduced from the selfenergy correction, the first, second and third vertex correction in Fig. 1 . For example, we find
When the mirror neutrinos ν ′ i go out of equilibrium at a temperature T D , their decays can generate a lepton asymmetry stored in the mirror charged leptons e ′ and
Here n
/45 respectively are the equilibrium number density and the entropy density with g * = O(100) being the relativistic degrees of freedom. Subsequently, the mirror charged leptons e ′ and µ ′ can efficiently decay into the ordinary charged leptons e, µ, τ and the scalar χ before the SU (2) L sphaleron processes stop working,
The mirror lepton asymmetry (28) thus can be partially converted to a baryon asymmetry stored in the ordinary quarks, i.e.
This means the final baryon asymmetry can be well described by the ordinary neutrino mass matrix m ν , up to an overall factor. We now estimate the temperature T D . For this purpose, we need consider the annihilations of the mirror neutrinos into the mirror charged fermions, ν
The annihilation cross section is [31] 
The interaction rate then should be smaller than the Hubble constant,
Here M Pl ≃ 1. 22 × 10 19 GeV is the Planck mass. As an example, we can obtain
The result is similar for the scattering processes, ν
For the parameter choice (33) , the mirror neutrino decays has been out of equilibrium below the temperature T ≃ m ν ′ i . Actually, we have
We further consider the quasi-degenerate neutrino spec-
≃ 0.2 eV and fix the Majorana CP phases α 1,2 to be α 1 = α 2 = π/2. In this case, the mirror lepton asymmetry from the ν 
with r = 0.1 .
The final baryon asymmetry then should be
which is able to account for the observations. Note the lepton-number-violating interactions for generating the Majorana masses of the ordinary and mirror neutrinos should go out of equilibrium before the above leptogenesis epoch. Fortunately the related processes can decouple at a very high temperature [32] ,
The mirror neutrinos should begin to decay below this temperature T F . The parameter choice (33) can fulfil this requirement.
V. STRONG CP PROBLEM AND DARK MATTER
The present model give a non-perturbative QCD Lagrangian as follows,
where θ is from the QCD Θ-vacuum while M u and M d are the mass matrices of the down-type and up-type quarks,
When the θ-term is removed as a result of the parity invariance, the real determinants Det(M d ) and Det(M u ) will lead to a zero ArgDet(M u M d ). We hence can obtain a vanishing strong CP phaseθ at tree level [22] . The model also contains a stable scalar χ because of the unbroken Z 2 × Z 2 symmetry. This scalar can annihilate into the ordinary species through the Higgs portal interaction. This simple dark matter scenario has been studied in a lot of literatures [33] [34] [35] [36] .
VI. SUMMARY
In this paper we have shown the spontaneous left-right symmetry breaking can automatically break the parity symmetry motivated by solving the strong CP problem. As a result, the mass matrices of the mirror fermions and their ordinary partners can have a same structure although their scales are allowed very different. Through the SU (2) R gauge interactions, a mirror Majorana neutrino can decay into a mirror charged lepton and two mirror quarks. Consequently we can obtain a lepton asymmetry stored in the mirror charged leptons. The Yukawa couplings of the mirror and ordinary charged fermions to the dark matter scalar then can transfer the mirror lepton asymmetry to an ordinary lepton asymmetry. The SU (2) L sphaleron processes eventually can realize the conversion of the lepton asymmetry to the baryon asymmetry. In this novel leptogenesis scenario, the cosmic baryon asymmetry can be well described by the Majorana neutrino mass matrix up to an overall factor.
